In 1996, Ōmura and co-workers isolated (+)-madindolines A (1) and B (2) from Streptomyces nitrosporeus K93-0711 and they showed strong and selective inhibition of IL-6 activity ( Figure 1 ) [1] . Since overproduction of IL-6 is related to illness such as multiple myeloma [2] and rheumatoid arthritis [3] , control of IL-6 activity is very important for preventing these kinds of diseases. Madindolines A (1) and B (2) have characteristic chiral ,disubstituted cyclopentene-1,3-diones and 3a-hydroxy-furoindoline rings and many efforts have been devoted to their syntheses. Ōmura, Sunazuka and co-workers accomplished the first total synthesis of madindolines A (1) and B (2) via ring-closing olefin metathesis to form the cyclopentene ring [4].
Hosokawa, Kobayashi and co-workers constructed the quaternary carbon center via Evans asymmetric aldol reaction [5] . Van Vranken and Tius also reported elegant synthesis of 1 and 2 utilizing Moore and Nazarov reactions, respectively [6, 7] .
Herein we describe a formal synthesis of (+)-madindoline A (1) by the preparation of Sunazuka's key intermediate 3.
The retrosynthesis of 3 is shown in Scheme 1. Methyl ester 3 would be synthesized from vinyl cyclopentenone 4 via formation of the enone, followed by oxidative cleavage of the carbon-carbon double bond of the vinyl group. Cyclopentenone 4 should be provided from 5 by introduction of the two alkyl groups. Enone 5 would be furnished from acetoxycyclopentenone 6 [8] , which is available in large quantity and enantiomerically pure form, by inversion of the stereochemistry of the secondary alcohol and formation of an ,-unsaturated enone. Toward the synthesis of 3 from 6, the first transformation was inversion of the stereochemistry at C3 in 6. Attempts at deprotection under conventional basic conditions resulted in a complex mixture presumably due to the retro aldol reaction and aldol condensation. On the other hand, acid-catalyzed hydrolysis worked well and hydrochloric acid was superior to trifluoroacetic acid to provide 7 in 97% yield (Scheme 2).
For the inversion of the hindered neopentyl position, Mitsunobu reaction [9] in the presence of diisopropyl azodicarboxylate (DIAD) and p-nitrobenzoic acid smoothly proceeded to afford the corresponding p-nitrobenzoate in quantitative yield. Methanolysis under basic conditions provided the secondary alcohol with the requisite stereochemistry. The alcohol was immediately protected as tert-butyldimethylsilyl (TBS) ether 8 because the alcohol was volatile.
In order to introduce the carbon-carbon double bond, Ito-Saegusa oxidation [10] was attempted. The first enol trimethylsilyl (TMS) ether formation worked well.
Subsequent oxidation with palladium(II), however, gave low reproducibility when the reaction was performed with a millimole scale of substrate with the result of an inseparable mixture of 10 and 8. Then, the TMS ether was treated with N-bromosuccinimide (NBS) [11] to provide bromide 9. The subsequent elimination with 1,8-diazabicyclo[5.4.0]undec-7ene (DBU) [12] proceeded effectively to give 10 compared with the Scheme 2: Synthesis of cyclopentenone 10 with requisite stereochemistry.
use of lithium salts such as LiCl, LiBr, and Li 2 CO 3 .
As the requisite enone 10 was in hand, the next task was the introduction of two alkyl substituents. Lithium di-n-butylcuprate afforded 11 in 85% yield (Scheme 3). Our initial plan was methylenation at the -position of ketone followed by isomerization to obtain thermodynamically stable tetrasubstituted enone 13. The first methylenation proceeded smoothly using CH 2 Br 2 with diethylamine [13] to provide exomethylene 12 in moderate yield. The combination of paraformaldehyde and NaH gave a mixture of 11, 12, and 13. The subsequent isomerization catalyzed by palladium(II), however, was unexpectedly problematic. Although the isomerization of model enone using PdCl 2 in n-butanol provided a 5:1 mixture of the desired tetrasubstituted enone and the starting material 14, almost no desired isomerization occurred in the case of 12. This difference might be that palladium(II) worked on the exomethylene on 14 while the electron-rich terminal vinyl group would strongly coodinate to palladium(II) chloride. Then, another stepwise approach was employed (Scheme 4). First, one-pot introduction of the two substituents gave 15 in 96% yield. The successive enol silyl ether formation, bromination, and elimination with LiCl furnished enone 13 in 73% yield over three steps.
Scheme 4: Synthesis of ,-alkylated enone 13.
The final transformation was the selective cleavage of the terminal vinyl group over the tetrasubstitued double bond on 13. The attempt at direct conversion of 13 to methyl ester under Schreiber's condition [14] provided the desired 3, but only in 4% yield, with aldehyde 16 in 73% yield (Scheme 5). Although methyl ester 3 was obtained in 69% yield under Marshall's basic condition [15] , the product was contaminated with undesired C2-epimerized 17 in a 2.5:1 ratio. This epimer 17 would be derived by retro-Claisen reaction and Claisen condensation under basic conditions. Scheme 5: Direct transformation of alkene 13 into ester 3.
The problem was overcome through stepwise transformation. First, ozonolysis followed by reductive workup provided aldehyde 16 (Scheme 6). Next Pinnick oxidation [16] under slightly acidic conditions proceeded well to give 3 without any epimerization, as well as the undesired decarboxylation. Finally, methylation afforded 3 in 83% yield over three steps. The specific rotation and spectral data were in good accordance with those reported by Sunazuka and co-workers [4a] . In conclusion, we accomplished a formal synthesis of (+)madindolin A (1) from acetoxycyclopentenone 6. The key steps were inversion of the secondary alcohol, introduction of the carboncarbon double bonds, and regioselective oxidative cleavage of the terminal vinyl group. Through this study, the utility of 6 as a starting material with accumulated functional groups and chiral centers involving quaternary carbon atom was demonstrated.
Experimental

Material and methods:
Merck silica gel 60 F 254 thin-layer plates (1.05744, 0.5 mm thickness) and silica gel 60 (spherical and neutral; 100-210 µm, 37560-79) from Kanto Chemical Co. were used for preparative TLC and CC, respectively.
Analytical methods:
All mps are uncorrected. IR spectra were measured by ATR on a Jasco FT/IR-410 spectrometer. 1 H NMR spectra were measured in CDCl 3 at 400 MHz, and 13 C NMR spectra in CDCl 3 at 100 MHz on an Agilent 400-MR spectrometer. High resolution mass spectra were recorded on a Jeol JMS-700 MStation spectrometer at 70 eV. Optical rotation values were recorded on a P-1010 polarimeter.
(2S,3S)-2-Ethenyl-3-hydroxy-2-methylcyclopentanone (7)
: To a solution of acetate 6 (1.03 g, 5.63 mmol) in MeOH/H 2 O (2:1, 15 mL) was added concentrated HCl (4.7 mL, 56.3 mmol). The solution was stirred for 2 d at room temperature. The reaction was quenched with saturated NaHCO 3 aq. solution and organic materials Formal synthesis of (+)-madindoline A Natural Product Communications Vol. 8 (7) 2013 899 were extracted with Et 2 O 3 times. The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4, then concentrated in vacuo. The residue was purified by silica gel CC (10 g) with n-hexane-Et 2 O (1:1-1:2) to afford 7 (766 mg, 97%) as a colorless oil. This was employed for the next step without further purification. To a solution of the above p-nitrobenzoate (32.5 mg, 0.11 mmol) in MeOH (2.4 mL) was added triethylamine (48 L, 0.34 mmol) and the mixture was stirred at room temperature. After stirring for 2 h, the reaction was quenched with saturated NH 4 Cl aq. solution and organic materials were extracted with Et 2 O 6 times. The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4 , then concentrated in vacuo. This crude alcohol was employed for the next step without further purification.
To a solution of the above crude material (79.1 mg), imidazole (40.5 mg, 0.67 mmol), and 4-dimethylaminopyridine (2.7 mg, 0.02 mmol) in anhydrous DMF (1.1 mL) was added tert-butyldimethylsilyl chloride (84.7 mg, 0.56 mmol) and stirred at room temperature. The reaction mixture was warmed to 60°C and stirred for 3 h. The reaction was quenched with saturated NH 4 Cl aq. solution and organic materials were extracted with n-hexane 3 times. The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4, then concentrated in vacuo. The residue was purified by silica gel CC with n-hexane-EtOAc (1:0-100:1) to afford TBS ether 8 (20.0 mg, 70% over two steps) as a colorless oil.
[] D 26 : -36.9 (c 0.44, MeOH). To a solution of the above-mentioned enol silyl ether in THF (3 mL) was added NBS (50.9 mg, 0.29 mmol) and the mixture was stirred at room temperature. After stirring for 10 min, the reaction was quenched with Na 2 S 2 O 3 aq. solution and organic materials were extracted with n-hexane-EtOAc (1:1) 3 times. The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4 , then concentrated in vacuo. The residue was purified by silica gel CC (5 g) with n-hexane-EtOAc (1:0-100:1) to afford 9 (79.6 mg, 92% over 2 steps) as a colorless oil. Hz). 13 (2S,3R,4RS,5RS)-4-Butyl-3-(tert-butyldimethylsiloxy)-2-ethenyl-2,5-dimethylcyclopentanone (15) : To a suspension of copper(I) iodide (120 mg, 0.63 mmol) and degassed THF (1 mL) was added n-butyllithium (710 L, 1.10 mmol, 1.56 M in n-hexane) and stirred for 15 min at -40°C under an argon atmosphere. To the mixture was added a solution of bromide 10 (76.3 mg, 0.31 mmol) in degassed THF (2 mL) via a cannula at -40°C. After 30 min, to the resultant mixture, methyl iodide (59 L, 0.94 mmol) was added. The mixture was allowed to warm to 0°C and stirred for 30 min at that temperature. The reaction was quenched with saturated NH 4 Cl aq. solution and 3% NH 3 aq. solution. The organic materials were extracted with n-hexane 3 times. The combined extract was washed with brine and dried over anhydrous Na 2 SO 4 , then concentrated in vacuo. The residue was purified by silica gel CC (5 g) with n-hexane-EtOAc (1:0-100:1) to afford a diastereomeric mixture of 15 (94.8 mg, 96%) as a yellow oil. These products were employed for the next step without further purification. 
(4R,5S)-3-Butyl-4-(tert-butyldimethylsiloxy)-5-ethenyl-2,5dimethyl-2-cyclopentenone (13):
To a solution of ketone 15 (18.4 mg, 0.06 mmol) in anhydrous THF (1.5 mL) was added triethylamine (40 L, 0.28 mmol) and trimethylsilyl chloride (36 L, 0.28 mmol), and the mixture was stirred at 0°C under an argon atmosphere. To the mixture was added a solution of lithium diisopropylamide (0.28 mmol, which was prepared in a similar manner as for the synthesis of 9) at 0°C and the mixture was stirred for a further 30 min. The reaction was quenched with saturated NH 4 Cl aq. solution and organic materials were extracted with n-hexane 3 times. The combined extract was washed with brine and dried over anhydrous Na 2 SO 4 , then concentrated in vacuo. The resulting enol silyl ether was employed for the next step without further purification.
To a solution of the above-mentioned enol silyl ether in THF (1 mL) was added NBS (11.1 mg, 0.06 mmol) at room temperature and the mixture was stirred for 10 min. The reaction was quenched with Na 2 S 2 O 3 aq. solution and organic materials were extracted with EtOAc 3 times. The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4 , then concentrated in vacuo. The resulting bromide was employed for the next step without further purification.
To a solution of the above-mentioned bromide (33.0 mg) in DMF (1 mL) was added lithium chloride (3.6 mg, 0.09 mmol) and stirred for 10 min at 60°C. The reaction was quenched with saturated NaHCO 3 aq. solution and organic materials were extracted with n-hexane-EtOAc (1:1) 3 times. The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4, then concentrated in vacuo. The residue was purified by silica gel CC (3 g) with n-hexane-EtOAc (1:0-10:1) to afford 13 ( 
(4R,5S)-(-)-3-Butyl-4-(tert-butyldimethylsiloxy)-5methoxycarbonyl-2,5-dimethyl-2-cyclopentenone (3):
A solution of alkene 13 (3.3 mg, 0.01 mmol) in CH 2 Cl 2 (1 mL) was stirred at -78°C and ozone was passed through the solution. After stirring for 1 min, the bubbling of ozone was stopped. Nitrogen gas was passed through the reaction mixture for 15 min, then dimethyl sulfide (6 L, 0.10 mmol) was added to the reaction mixture. After stirring for 1 h, the reaction mixture was concentrated in vacuo. The resulting aldehyde 16 was employed for the next step without further purification.
To a solution of the above-mentioned aldehyde 16 in t BuOH/H 2 O (4:1, 1 mL) was added 2-methyl-2-butene (22 L, 0.20 mmol) and NaH 2 PO 4 (3.7 mg, 0.03 mmol) and the mixture was stirred at room temperature. To the mixture was added NaClO 2 (3.2 mg, 0.04 mmol) and the resulting mixture was stirred for 16 h. The reaction was quenched with Na 2 S 2 O 3 aq. solution and 0.1 M HCl aq. solution and organic materials were extracted with EtOAc 4 times. The combined extract was washed with brine and dried over anhydrous Na 2 SO 4, then concentrated in vacuo. The resulting acid was employed for the next step without further purification.
To a solution of the above-mentioned crude acid and potassium carbonate (1.7 mg, 0.01 mmol) in DMF (1 mL) was added methyl iodide (3 L, 0.05 mmol) and stirred at room temperature for 1 h. The reaction was quenched with saturated NH 4 Cl aq. solution and organic materials were extracted with EtOAc 3 times. The combined extract was washed with brine and dried over anhydrous Na 2 SO 4, then concentrated in vacuo. The residue was purified by silica gel CC (1 g) with n-hexane-EtOAc (1-50:1) to afford (4R,5S)-3 (3.0 mg, 83% over 3 steps) as a pale yellow oil. The spectroscopic data were in good agreement with those reported previously 
